T he endosteal bone marrow niche and vascular endothelial cells provide sanctuaries for leukemic cells. In murine chronic myeloid leukemia (CML) CD44 on leukemia cells and E-selectin on bone marrow endothelium are essential mediators for the engraftment of leukemic stem cells. We hypothesized that non-adhesion of CML-initiating cells to Eselectin on the bone marrow endothelium may lead to superior eradication of leukemic stem cells in CML after treatment with imatinib than imatinib alone. Indeed, here we show that treatment with the E-selectin inhibitor GMI-1271 in combination with imatinib prolongs survival of mice with CML via decreased contact time of leukemia cells with bone marrow endothelium. Non-adhesion of BCR-ABL1 + cells leads to an increase of cell cycle progression and an increase of expression of the hematopoietic transcription factor and proto-oncogene Scl/Tal1 in leukemia-initiating cells. We implicate SCL/TAL1 as an indirect phosphorylation target of BCR-ABL1 and as a negative transcriptional regulator of CD44 expression. We show that increased SCL/TAL1 expression is associated with improved outcome in human CML. These data demonstrate the BCR-ABL1-specific, cell-intrinsic pathways leading to altered interactions with the vascular niche via the modulation of adhesion molecules -which could be exploited therapeutically in the future.
The vascular bone marrow niche influences outcome in chronic myeloid leukemia via the E-selectin -SCL/TAL1 -CD44 axis
essential mediators of engraftment of chronic myeloid leukemia (CML)-initiating cells. However, the mechanism for overexpression of CD44 on leukemia-initiating cells (LIC) in CML mediating engraftment, as previously described by us, 8 has not been established. CD44, known to mediate the transport of acute myeloid leukemia cells to stem cell-supportive ni ches, 9 also acts as an E-selectin ligand on colon cancer 10 and breast cancer cells. 11 GMI-1271 is a specific small molecule antagonist of Eselectin with a dissociation constant of 0.54 mM. Coadministration of GMI-1271 was recently demonstrated to overcome resistance to bortezomib in E-selectin ligand-enriched multiple myeloma cells, 12 and GMI-1271 is currently being tested in clinical trials in combination with chemotherapy in patients with acute myeloid leukemia. It is surmised that -similar to mobilization by granulocyte colony-stimulating factor 13,14 -GMI-1271mediated mobilization of LSC may break LSC dormancy and, thereby, lead to improved eradication by tyrosine kinase inhibitors or chemotherapy. We had previously shown that targeting the osteolineage compartment of the BM microenvironment can lead to successful reduction of LSC in CML. 15 Imatinib, a tyrosine kinase inhibitor targeting BCR-ABL1, the oncoprotein causing CML, does not eradicate LSC. 16, 17 We hypothesized that treatment with GMI-1271 may lead to non-adhesion of CML-initiating cells to the BM endothelium and in combination with imatinib may be better at eliminating LSC in CML than imatinib alone.
Indeed, in this study we show that inhibition of Eselectin leads to a dissociation of BCR-ABL1 + cells from the endothelium. Concomitantly, this leads to increased leukemic cell proliferation and upregulation of the hematopoietic transcription factor and proto-oncogene Scl/Tal1, whose overexpression is frequently found in Tcell acute lymphoblastic leukemia. 18 SCL/TAL1, itself phosphorylated by pAKT downstream of BCR-ABL1, is demonstrated to be a negative transcriptional regulator of CD44. Collectively, these data illustrate the reciprocal link between external cues from the BM microenvironment and LSC-intrinsic effects which, in turn, can influence LSC expression of adhesion molecules essential for interaction with the BM microenvironment and, thereby, modify therapy response. This is a concept which could influence future treatment strategies.
Methods
Additional methods are described in the Online Supplementary Material.
Mice
BALB/c or FVB mice were purchased from Charles River Laboratories (Wilmington, MA, USA). Rag-2 -/-CD47 -/-IL-2 receptor γ -/-(C57/Bl6 background) and Tie2-GFP mice (FVB background) were bred in our institute. All murine studies were approved by the local animal care committee (Regierungspräsidium Darmstadt).
Statistical analysis
Statistical significance between different treatment groups was assessed by the Student t-test or analysis of variance (ANOVA) test (with a Tukey test as a post-hoc test) using Prism Version 6 software (GraphPad, La Jolla, CA, USA). Differences in survival were assessed by Kaplan-Meier nonparametric tests (log-rank or Wilcoxon tests). Data are presented as the mean ± standard deviation and differences are considered statistically significant when P≤0.05.
Results

GMI-1271 decreases the contact time of human chronic myeloid leukemia cells with bone marrow endothelium
In order to test whether inhibition of E-selectin by GMI-1271 decreases adhesion of human CML cells to BM endothelium, we injected leukocytes from five different human CML patients into Rag-2 -/-CD47 -/-IL-2 receptor γ -/mice 19 treated with vehicle or GMI-1271 and imaged the calvarium of the injected mice by in vivo microscopy ( Figure 1A and Online Supplementary Movie). This revealed a significantly reduced contact time of leukemia cells from four out of five patients with BM endothelium in mice treated with GMI-1271 (P<0.0001, Figure 1B and Online Supplementary Figure S1A-D). As anticipated, this result suggested that GMI-1271 leads to non-adhesion of human cells to the BM endothelium. Furthermore, in an in vitro adhesion assay of human CML cells plated on E-selectin, a smaller number of human CML cells adhered to Eselectin in the presence of GMI-1271 than in the presence of vehicle (P=0.0013) ( Figure 1C ).
Inhibition of E-selectin affects survival in mice with chronic myeloid leukemia
Next, we tested the effect of inhibition of E-selectin in combination with imatinib mesylate, considered the standard of care for CML, on the survival of mice with CML. Treatment of murine recipients of BCR-ABL1-transduced BM in the retroviral transduction/ transplantation model of CML-like myeloproliferative neoplasia 15, 20 with vehicle, imatinib, GMI-1271 or a combination of imatinib and GMI-1271 (Online Supplementary Figure S2A ) revealed a modest, but significant prolongation of survival in mice that received the combination therapy compared to mice that received imatinib alone (P=0.028) ( Figure 1D ) with all mice succumbing to BCR-ABL1 + leukemia and pulmonary infiltration by mature neutrophils, as described elsewhere. 8, 15 Leukocyte counts (P=0.0008) (Online Supplementary Figure S2B ), BCR-ABL1 + (GFP + ) CD11b + myeloid cells (P=0.031) (Online Supplementary Figure S2C ) and spleen weights (P=0.024) (Online Supplementary Figure  S2D ) were significantly reduced in mice with CML treated with imatinib plus GMI-1271, when compared to vehicletreated mice. However, the direct comparison of treatment with imatinib plus GMI-1271 vs. imatinib alone did not reveal a statistically significant difference. A significant reduction of GFP (BCR-ABL1) + Linc-Kit + (LK) cells, which harbor the LSC fraction in this model, 21 was observed in mice treated with imatinib and GMI-1271, when compared to vehicle-treated mice (P=0.001) (Online Supplementary Figure S2E ). Lin -GFP + (BCR-ABL1 + ) cells from CML mice (P=0.001) ( Figure 1E ) or BCR-ABL1 + BaF3 cells (P=0.002) (Online Supplementary Figure S2F ) injected into Tie2-GFP mice, which express green fluorescent protein (GFP) under the TEK receptor tyrosine kinase (Tie2)promoter, were found significantly further away from the endothelium, but not the bone (Online Supplementary Figure S2G -H), when mice had been treated with GMI-
The vascular niche in chronic myeloid leukemia , determined by in vivo microscopy, between the calvarial endothelium and human unsorted CML cells from the PB of one patient labeled with CMTMR and injected into vehicle-or GMI-1271 (20 mg/kg/dose)treated unirradiated Rag-2 -/-CD47 -/-IL-2 receptor γ -/-mice (P<0.0001, t-test). The mice had been treated with vehicle or GMI-1271 2 h before transplantation. (C) Adhesion (presented as fold change) of unsorted human CML cells from PB or BM to E-selectin-coated wells (50,000 CML cells/well) in the presence of vehicle vs. GMI-1271 (P=0.001, t-test) (n=5) after incubation for 6 h. Different symbols signify individual patients. The experiment was performed in duplicate. (D) Kaplan-Meier-style survival curve for Balb/c recipients of BCR-ABL1-transduced BM treated with vehicle (black solid line), 20 mg/kg/dose GMI-1271 intraperitoneally (long gray dashes), 100 mg/kg imatinib orally (black dots) and the combination of both imatinib and GMI-1271 (short gray dashes) beginning on day 9 after transplantation. Vehicle and imatinib were administered daily, while GMI-1271 was given twice daily. The difference in survival between mice treated with imatinib or imatinib plus GMI-1271 was statistically significant (P=0.028, log-rank test, n=15). (E) Distance (in mm) from endothelium of CMTMR-labeled GFP + (BCR-ABL1 + ) Lincells (200,000) from FVB mice with established CMLlike disease transplanted by intravenous injection into Tie2-GFP mice (FVB background) and imaged by in vivo microscopy 19 h after injection [P=0.001, analysis of variance /(ANOVA); Tukey test]. The imaging analysis was performed by ImageJ. (F) Percentage of GFP + (BCR-ABL1 + ) Linc-Kit + Sca-1 + cells of total leukocytes which homed to the BM (P=0.03, t-test) or spleen (P=0.048, t-test) of vehicle (black)-or GMI-1271 (white)-treated mice 18 h after transplantation (n=4). A total of 2.5 × 10 6 unsorted, BCR-ABL1-transduced cells had been injected. (G, H) Southern blot showing distinct proviral integration sites and, consequently, disease clonality in spleens (taken at the time of death, as shown in Figure 1D ) of Balb/c recipients of BCR-ABL1-transduced BM treated with vehicle (lanes 1-4), imatinib (lanes 5-9), GMI-1271 (lanes [10] [11] [12] [13] [14] or imatinib plus GMI-1271 (lanes 15-19) (G) and disease clonality (H). The difference in disease clonality between imatinib-and imatinib plus GMI-1271-treated recipients as a measure of engraftment of leukemia-initiating clones is statistically significant (P=0.007, ANOVA; Tukey test). Data are expressed as mean ± standard deviation.
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1271 and imatinib than when they had been treated with vehicle or imatinib alone. Short-term homing of CML-initiating cells to BM (P=0.03) ( Figure 1F ) and spleen (P=0.048) ( Figure 1F ) of GMI-1271-treated recipients was impaired compared to that of vehicle-treated recipients. Long-term engraftment of CML-initiating clones, as measured by the enumeration of distinct proviral integration events in splenic tissue of diseased mice by Southern blotting, was significantly reduced in primary mice treated with imatinib plus GMI-1271 compared to those treated with imatinib alone (P=0.007) ( Figure 1G , H). In summary, these data suggest that in comparison to monotherapy with imatinib, inhibition of E-selectin in combination with imatinib mildly prolongs survival in mice with a CML-like myeloproliferative neoplasia via a reduction of homing and long-term engraftment of CMLinitiating clones. Inhibition of E-selectin also reduces the number of human CML cells adhering to E-selectin.
Inhibition of E-selectin leads to an increase of Scl/Tal1 in BCR-ABL1 + leukemia-initiating cells
In order to explain the prolonged survival of mice treated with imatinib and GMI-1271, we tested the adhesion and gene expression of cell cycle-relevant genes and transcription factors in LIC in the presence of GMI-1271. To do so, we plated BCR-ABL1 + Linc-Kit + BM cells from mice with CML on E-selectin-coated plates in the presence of vehicle, GMI-1271, 22 imatinib 23, 24 or the combination of GMI-1271 plus imatinib ( Figure 2A ). As expected, this revealed that treatment with GMI-1271 (P=0.02) or GMI-1271 plus imatinib (P=0.029) significantly reduced the number of adherent cells ( Figure 2B ). In a competitive inhibition assay we plated BCR-ABL1 + BaF3 cells, which were used because sufficient numbers of LIC can only be retrieved from a large number of diseased mice, on plates pre-coated with E-selectin, while adding soluble E-selectin to the BCR-ABL1 + BaF3 cells treated with GMI-1271. This reversed the decreased adhesion of leukemia cells in the presence of GMI-1271 (P=0.021) (Online Supplementary Figure S3A ) suggesting a specific role of E-selectin in this process. Furthermore, non-adhesion of primary murine BCR-ABL1 + LIC (P=0.017) ( Figure 2C ) or K562 cells (P=0.007) (Online Supplementary Figure S3B ), which were tested in order to show the validity also in a human cell line, to E-selectin in the presence of GMI-1271 led to an increase of the transcription factor and cell cycle regulator 25 stem cell leukemia/T-cell acute lymphocytic leukemia protein 1 (Scl/Tal1). Other transcription factors, however, did not significantly change in K562 cells (Online Supplementary Figure S3C -G, Online Supplementary Table  S1 ). Conversely, addition of soluble E-selectin to BCR-ABL1 + BaF3 cells plated on E-selectin in the presence of GMI-1271 (as in Online Supplementary Figure S3A ) decreased the expression of Scl/Tal1 (P=0.028) (Online Supplementary Figure S4A ). In summary, these data suggest that E-selectin is involved in adhesion of CML cells and that non-adhesion leads to increased expression of Scl/Tal1.
Scl/Tal1 regulates CD44 expression
As SCL/TAL1 is a known transcriptional regulator involved in various hematologic malignancies and cell cycle progression, 25 we performed a gene expression screen after knockdown of SCL/TAL1 in K562 cells (data deposited in the GEO-Expression database, GSE92251). This revealed that knockdown of SCL/TAL1 led to an upregulation of CD44 26 ( Figure 3A ). As we had previously shown CD44 8 and its receptor E-selectin 6, 7 to be important mediators of the engraftment of LIC in CML, we hypothesized that SCL/TAL1 may regulate the expression of CD44 on CML cells, where CD44 is known to be overexpressed 8 -albeit through an unknown mechanism.
The vascular niche in chronic myeloid leukemia haematologica | 2020; 105(1) Figure 3B and Online Supplementary Figure S5A ) and, conversely, overexpression of SCL/TAL1 in K562 (P<0.0001) ( Figure 3C and Online Supplementary Figure S5B , C) or in human CD34 + cells (P=0.0001) (Online Supplementary Figure S5D ) led to decreased expression of CD44. We performed luciferase assays on K562 cells transfected with a control plasmid or a CD44 regulatory element with SCL/TAL1-binding sites and transduced with SCL/TAL1 shRNA-or SCL/TAL1overexpressing lentivirus, in order to test activity of the CD44 regulatory element (Online Supplementary Figure  S5E ). This revealed decreased activity of the CD44 regulatory element when SCL/TAL1 was overexpressed (P=0.02) ( Figure 3D and Online Supplementary Figure S5B, C) and increased activity when SCL/TAL1 was knocked down (P=0.049) ( Figure 3D and Online Supplementary Figure S5A) .
Having shown the influence of SCL/TAL1 on the activity of the CD44 regulatory element, we tested the dependence of this on BCR-ABL1 in a chromatin immunoprecipitation assay using K562 cells treated with vehicle or imatinib. This revealed that imatinib treatment significantly increased the binding of SCL/TAL1 to the CD44 regulatory element ( Figure 3E and Online Supplementary Figure  S6A) , but not to a control region (Online Supplementary Figure S6B ). Furthermore, overexpression of SCL/TAL1 (Online Supplementary Figure S7A ) in BCR-ABL1 + LIC in vivo significantly prolonged survival (P=0.013) ( Figure 3F ), led to decreased median fluorescence intensity of CD44 on BCR-ABL1 + CD11b + myeloid cells (P=0.031) ( Figure 3G ) and a trend towards decreased disease clonality (Online Supplementary Figure S7B ) in murine recipients in our CML model. This resembled what we had observed when using CD44-deficient BCR-ABL1 + donor BM, 8 although the effect was not as pronounced. Overexpression of SCL/TAL1 in K562 cells (Online Supplementary Figure S5B ) also decreased the median fluorescence intensity of CD44 (P=0.019) (Online Supplementary Figure S5C ). Taken together, these data suggest that SCL/TAL1 negatively regulates the expression of CD44 and that overexpression of SCL/TAL1 on LIC leads to prolongation of survival in CML, similar to the effect of CD44 deficiency on CMLinitiating cells. 8
Binding of CD44 to E-selectin influences the cell cycle of BCR-ABL1 + cells
In order to test the nature of the interaction between CD44 and the BM endothelium directly, we performed in vivo imaging of the murine calvarium of live anesthetized mice as shown in Figure 1A , B and Online Supplementary Figure S1A -D. Indeed, in vivo imaging of CD44-overexpressing BCR-ABL1 + or BCR-ABL1 + BaF3 cells injected into Tie2-GFP mice revealed an increased contact time with the endothelium by CD44-overexpressing BCR-ABL1 + compared to BCR-ABL1 + BaF3 cells (P<0.001) ( Figure 4A , B). In recapitulation of our findings with human CML cells ( Figure 1B ) treatment of mice with GMI-1271 decreased the contact time of BCR-ABL1 + BaF3 cells with BM endothelium (P=0.05) (Online Supplementary Figure S7C) . Testing a possible influence of CD44, a marker for cancer stem cells, 27 and SCL/TAL1 25 on cell cycle progression via binding to E-selectin, we plated BaF3 cells coexpressing BCR-ABL1 and CD44 on E-selectin in the presence of the four drugs or their combination. This demonstrated that GMI-1271 (with or without imatinib) did not alter the cell cycle of the non-adherent fraction, either when the cells were plated on E-selectin ( Figure 4C and Online Supplementary Figure S8A ), or on bovine serum albumin (Online Supplementary Figure S8B) . In contrast, cell cycle analysis of the non-adherent fraction of BCR-ABL1 + BaF3 cells plated on E-selectin showed an increase of cells in the G2-S-M phase and a decrease in the G0 phase of the cell cycle in the presence of GMI-1271 (P=0.03 and P=0.01, respectively) ( Figure 4D and, Online Supplementary Figure  S8A ) or GMI-1271 plus imatinib (P=0.02) ( Figure 4D ). No such differences were observed in the adherent fraction ( Figure 4E and Online Supplementary Figure S8A) or when the BCR-ABL1 + BaF3 cells were plated on bovine serum albumin (Online Supplementary Figure S8C ). BCR-ABL1 + BaF3 cells plated on E-selectin in the presence of GMI-1271 also exhibited increased expression of the cell cycle promoter cyclin dependent kinase (CDK) 6 (P<0.0001) ( Figure 4F ), a possible trend towards increased nuclear CDK4 (Online Supplementary Figure S8D, E) , which has been associated with cell cycle progression, and decreased expression of the cell cycle inhibitor p16 (or cyclin dependent kinase inhibitor 2A) (P<0.0001) ( Figure 4G ). Consistently, GFP + (BCR-ABL1 + ) Linc-Kit + cells from mice with CML treated with GMI-1271 or GMI-1271 and imatinib had increased proportions of cells in the G2-S-M phase of the cell cycle compared to those treated with vehicle (P=0.01) or imatinib alone (P<0.0001) ( Figure 4H ). GFP + (BCR-ABL1 + ) Lincells also expressed higher levels of SCL/TAL1 (P=0.04) (Online Supplementary Figure S8F ) and lower levels of p16 (P=0.002) (Online Supplementary Figure  S8G ) when derived from CML mice treated with GMI-1271 compared to vehicle-treated animals. CD44 was significantly more highly expressed on most GFP + (BCR-ABL1 + ) progenitor fractions or CD11b + cells compared to GFP -(BCR-ABL1 -) cells (Online Supplementary Figure S8H ), in line with our previous results. 8 Taken together, these data suggest that CD44 is involved in mediating contact with BM endothelium. Treatment with GMI-1271 leads to non-adhesion of BCR-ABL1 + cells to E-selectin, an increase in cell cycle and a concomitant increase of Scl/Tal1 in BCR-ABL1 + cells, which leads to downregulation of CD44. These data suggest a possible role for CD44 in cell cycle regulation of BCR-ABL1 + cells.
Expression of CD44 is synergistically influenced by SCL/TAL1 and BCR-ABL1
In order to test whether the expression of CD44 and/or SCL/TAL1 may be BCR-ABL1-dependent, we treated BaF3 cells transduced with empty vector or BCR-ABL1 with imatinib. 23, 24 This led to a significant decrease of the median fluorescence intensity of CD44, specifically on BCR-ABL1 + compared to empty vector-transduced BaF3 cells (P=0.05) ( Figure 5A and Online Supplementary Figure  S9A, B) . Furthermore, in the non-adherent, but not the adherent fraction, of BCR-ABL1 + BaF3 cells plated on Eselectin the median fluorescence intensity of CD44 was synergistically reduced by combined treatment with GMI-1271 and imatinib compared to imatinib alone (P=0.05) ( Figure 5B ). Consistently, in non-adherent, but not adherent, BCR-ABL1 + BaF3 cells plated on E-selectin, expression of SCL/TAL1 and pSCL/TAL1 was significantly higher upon treatment with GMI-1271 or GMI-1271 and imatinib (Online Supplementary Figure S9C) . These results suggest that the expression of CD44 is BCR-ABL1-dependent and that reduction of CD44 expression by GMI-1271 (via 
CD44 expression influences adhesion and cell cycle status in imatinib-resistant chronic myeloid leukemia
Imatinib-resistance due to the point mutation BCR-ABL1 T315I in CML is associated with worse clinical outcome 28, 29 and is due to altered interactions between BCR-ABL1 T315I+ cells and the BM microenvironment. 30 In support of this, the expression of CD44 was higher in BCR-ABL1 T315I+ than in BCR-ABL1 + BaF3 cells (Online Supplementary Figure S10A, B ) and also higher than in cells resistant to imatinib due to other point mutations (P=0.034) (Online Supplementary Figure S10B) . Consistently, adhesion of BCR-ABL1 T315I+ BaF3 cells to E-selectin was increased compared to that of BCR-ABL1 + cells (P=0.011) (Online Supplementary Figure S10C ) and a larger percentage of adherent, but not non-adherent, BCR-ABL1 T315I+ BaF3 cells were found in the G 0 phase of the cell cycle (P=0.042) (Online Supplementary Figure S10D) . These data support our findings on the role of CD44 in influencing the cell cycle in BCR-ABL1 + cells and suggest that increased CD44 expression and increased binding to E-selectin by BCR-ABL1 T315I+ cells may contribute to dormancy and imatinib resistance.
BCR-ABL1 modulates SCL/TAL1-binding to the CD44 regulatory element via pAKT
As SCL/TAL1 activity is regulated by phosphorylation at S122 and T90, we hypothesized that a kinase downstream of BCR-ABL1, such as AKT, may be phosphorylating SCL/TAL1. 31 In confirmation of this, we demonstrated that treatment of K562 cells with imatinib, the phosphoinositide-3-kinase (PI3K) inhibitor wortmannin, and in particular the AKT inhibitor MK-2206 reduced the expression of pTal1S122 and pTal1T90 ( Figure 6A ). Furthermore, quantitative mass spectrometry, performed using triple stable isotope labeling with amino acids in cell culture (SILAC)-labeling of K562 cells treated with vehicle, imatinib or MK-2206, demonstrated the mass increments resulting from medium (+6 Da) or heavy (+10 Da) SILAClabeling on arginine on the pS122-bearing peptide "oxMVQLpSPPALAAPAAPGR" of SCL/TAL1 in AKTinhibited cells ( Figure 6B and Online Supplementary Figure  S11A ). More precise quantitative measurements by comparing the areas under the extracted ion chromatograms of individual SILAC triplets revealed the decrease of pTal1 S122 both 2 and 4 h after inhibition with imatinib ( Figure  6C ) or MK-2206 ( Figure 6D ). Taken together, these data suggest that SCL/TAL1 regulates the expression of CD44 via binding to the CD44 regulatory element in a BCR-ABL1-and AKT-dependent manner. BCR-ABL1 is known to activate AKT ( Figure 6A ), 32, 33 which phosphorylates SCL/TAL1 at S122 and T90, which in turn regulates the activity of the CD44 regulatory element by acting as a transcriptional repressor. Binding of SCL/TAL1 leads to decreased expression of CD44, decreased adhesion to the vascular niche in CML and an increase in cell cycling.
SCL/TAL1 influences outcome in human chronic myeloid leukemia
Given our observations in murine models and murine or human CML cells, we correlated levels of CD44 and SCL/TAL1 in leukocytes from healthy individuals and patients with CML. This revealed lower delta cycle threshold values for SCL/TAL1 and higher delta cycle threshold values for CD44 in healthy individuals (P<0.0001) ( Figure 7A ), while this relationship was reversed in human CML samples (P<0.0001) ( Figure 7B ), suggesting that SCL/TAL1 also acts as a transcriptional regulator in human CML cells. In order to test the significance of SCL/TAL1 and/or CD44 for phase of CML and disease course, we examined published datasets of SCL/TAL1 and CD44 gene expression in human CML samples 34, 35 and identified that SCL/TAL1 levels in patients in chronic phase (P=0.042) ( Figure 7C ) and -as a trendaccelerated phase were lower than in normal human CD34 + cells, as expected. CD44 expression increased with progression of CML from chronic to advanced phase CML with the highest CD44 expression found in samples from patients in blast crisis (P<0.0001) ( Figure 7D ).
As we did not establish a clear inverse relationship between SCL/TAL1 and CD44 expression in samples from individual patients from this dataset, we examined expres- 
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sion of SCL/TAL1 and CD44 in CD34 + -sorted samples from chronic phase CML patients (n=59). We observed a statistically significant negative correlation (P=0.002, correlation coefficient -0.40) between SCL/TAL1 and CD44 expression in these samples ( Figure 7E ). Lastly, we examined the association between SCL/TAL1 expression and outcomes after allogeneic transplantation in chronic phase CML patients (n=37), 35 although this procedure is no longer the standard of care in CML. When dichotomizing SCL/TAL1 into high and low expression groups at the third quartile, we found that low SCL/TAL1 expression was statistically significantly associated with increased risk of relapse (P=0.033) ( Figure 7F ) and inferior relapsefree survival (P=0.024) ( Figure 7G ). In summary, these data suggest that expression of SCL/TAL1 (and, therefore, converse expression of CD44) may correlate with disease stage and survival in human CML patients, although larger cohorts would be needed to prove this definitively.
Discussion
In this study we show that inhibition of binding of BCR-ABL1 + cells to E-selectin in the vascular niche increases cell cycle progression and response to imatinib therapy. Furthermore, our data also imply that SCL/TAL1 is a regulator of the expression of CD44, whereby SCL/TAL1 is activated by AKT downstream of BCR-ABL1 (Online Supplementary Figure S12 ). In turn, CD44 influences the cell cycle of BCR-ABL1 + cells via its binding to E-selectin. The data connect the previously unknown mechanism of increased expression of CD44, a ligand for E-selectin and cancer stem cell marker, on BCR-ABL1 + cells with transcriptional regulation by SCL/TAL1, E-selectin in the vascular niche, engraftment in the BM microenvironment, cell cycle progression and response to therapy.
Our data on CML LSC contrast with findings in the normal HSC niche, in which a prominent role for Ehaematologica | 2020; 105(1) 
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C D E F G selectin in promoting HSC proliferation has been described. 5 This could be explained by our previous work demonstrating that interactions with the BM microenvironment differ drastically between normal HSC 8 and LSC and even between oncogenes. 15 However, in their study, Winkler et al. used GMI-1070, a pan-selectin antagonist and precursor to GMI-1271. 5 In addition, a role for SCL/TAL1 in impe ding the transition of HSC from G0 to G1 has been demonstrated, 36 which may support the proproliferative effects of E-selectin on normal HSC. 5 Additionally, similar to our findings, CD44 inhibited cell cycle progression of vascular smooth muscle cells in response to binding of high mole cular weight hyaluronan, 37 another CD44 ligand in the extracellular matrix, and modulated the ERK and AKT pathways upon cell adhesion via CD44. 38 In the present study, it cannot be excluded that the SCL/TAL1-mediated reduction of CD44 expression may also have led to decreased binding to hyaluronan and osteopontin, another extracellular matrix protein known to bind CD44. 39 However, CML induction did not differ significantly between wildtype and osteopontin-knockout mice (unpublished data, DSK), suggesting that, unlike E-selectin, osteopontin is not essential for the engraftment of LIC in CML.
In agreement with our work it was demonstrated that inhibition of E-and P-selectin led to reduced rolling of neutrophils on endothelium, lowering the risk of neutrophil-mediated endothelial injury after xenotransplantation. 40 Furthermore, in CML, we previously showed that deficiency of E-selectin in BM endothelium or deficiency of L-selectin, P-selectin glycoprotein ligand (PSGL)-1, enzymes involved in the synthesis of selectin ligands 6 or CD44 8 on LIC were required for efficient engraftment of LIC, whereas P-selectin in the BM was not required. 6 Therefore, emphasis in this work was laid on E-selectin and its ligands. Treatment with GMI-1271 also reverted the insensitivity of multiple myeloma cells overexpressing E-selectin ligands to bortezomib. 12 Normal hematopoietic cells predominantly express the standard isoform of CD44 (CD44s). 41 However, variant isoforms of CD44 (CD44v) are generated in cancers, including solid tumors 42 and acute myeloid leukemia, 43 but both forms, CD44s and CD44v, are cancer stem cell markers and both influence cancer cell stemness. 42, 44 In CML we found that the CD44s isoform has a role in homing and engraftment of LIC, 8 while CD44v3 enhanced the replating capacity of CML progenitors. 45 In summary, regulation of CD44 expression via SCL/TAL1, the AKT pathway and an oncogene, as well as the mechanism of cell cycle regulation of LSC upon nonadhesion to the niche, suggest a concept of how dislocation from the niche may alter LSC proliferation and response to therapy. This has, similarly, been hypothesized in the case of the concomitant use of granulocyte colony-stimulating factor 46, 47 or C-X-C motif chemokine receptor (CXCR) 4 inhibitors plus tyrosine kinase inhibitors or chemotherapy in leukemia, 48 suggesting that these therapeutic strategies may be further exploitable in the future.
